Traditionally, solar physicists become anxious around solar minimum, as they await the high-latitude sunspot groups of the new cycle. Now, we are in an extended sunspot minimum with conditions not seen in recent memory, and interest in the sunspot cycle has increased again. In this paper, I will describe some of the characteristics of the current solar minimum, including its great depth, its extended duration, its weak polar magnetic fields, and its small amount of open flux. Flux-transport simulations suggest that these characteristics are a consequence of temporal variations of the Sun's large-scale meridional circulation.
Introduction
When I was asked to give this talk, I wondered if this minimum was really peculiar, or whether we were just feeling the anxiety that occurs toward the end of every sunspot cycle as solar physicists await the first new-cycle active regions.
We are all familiar with this anxiety. Flare researchers become anxious because they have contracts to study solar flares. Energetic particle researchers become anxious because they want more data. NASA managers become anxious because their spacecraft missions were justified in terms of what they would learn about solar activity. But most anxious of all are the scientists who predicted the strength of the next sunspot cycle. So when you encounter the forecasters, appreciate the stress they are under and be kind.
The level of anxiety increased during the 1976 minimum when Jack Eddy reminded us that sunspots became particularly scarce during the 70-year interval 1645-1715 and that another interruption of the sunspot cycle might occur at any time (Eddy 1976) . His talks alarmed some people, and sent reporters to solar observatories to find out if we were headed into another Maunder Minimum. We did not enter another Maunder Minimum in 1976 and we have emerged unscathed from two subsequent minima since that time. Let's see how the present sunspot minimum compares with some of these earlier ones. This figure shows that deep minima were common during the first half of the twentieth century, but that these deep minima suddenly disappeared after the very strong sunspot cycle in 1958. Since that time the minima have been becoming progressively deeper. The depth of the current cycle is now comparable to the depths of the cycles prior to 1958, and as low as the very deep minima in 1902 and 1913 if the August 2009 measurement is included. Figure 2 provides a 250-year perspective, and shows that the series of deep minima extended back for 10 sunspot cycles before being interrupted by two shallow minima in 1833 and 1843. Even deeper minima preceded them during the weak sunspot cycles in the Dalton minimum (1800-1830). Thus, the present minimum is deeper than we have seen since the space age began, but not unusually deep on a time scale of 250 years or even 100 years. Examining the northern and southern hemispheres separately, we find that the southern hemisphere had an appreciable eruption-free interval in 1966, corresponding to a one-year delay in the start of sunspot cycle 20 in the southern hemisphere.
The Sunspot Number

The Duration of the Minimum
This delayed start of southern-hemisphere activity is one that I experienced, but had forgotten until now. The Ca II 3934Å spectroheliogram in the lower right panel of Figure 4 shows the north-south asymmetry on June 5, 1966 when I was on Kitt Peak, obtaining a time series of high-resolution K-line spectra of a region in the northern hemisphere. During an exposure, the power to the telescope drive suddenly failed and the solar image drifted westward across the slit. This produced an integrated K-line spectrum of the northern hemisphere. When the power was restored, I made a similar scan across the southern hemisphere, this time intentionally. I thought that the two spectra would be representative of conditions at sunspot maximum and minimum and therefore reveal all at once whether we could detect the sunspot cycle of the unresolved Sun from variations in its K-line emission, as Olin Wilson was starting to do for other stars (Wilson 1978) .
The so-called torsional oscillations (Howard & Labonte 1980) provide further evidence that the present sunspot minimum is different from the past three minima. These features are alternating bands of prograde and retrograde rotation obtained when the long-term solar rotation profile is subtracted from the east-west component of the large-scale Doppler field (in the case of the Mount Wilson Observatory (MWO) measurements) or the global oscillation data (in the case of the Global Oscillation Network Group/Michelson Doppler Interferometer (GONG/MDI) helioseismic observations). The lower branches of these residual east-west flows migrate toward the equator alongside (but not coincident with) the zones of sunspot eruption. 
Weaker Polar Magnetic Fields
We have all heard that the polar field is weaker now than it has been for many years. Figure 6 shows the Wilcox Solar Observatory (WSO) measurements since 1976. The polar field is about two-thirds as strong as it was during the previous minimum. The axial component of the Sun's dipole field shows a corresponding decrease, suggesting that the open flux is also about two-thirds of its previous value.
It is interesting to see how far back in time we can extend these polar field measurements. Polar faculae are visible on white-light images obtained daily at the Mount Wilson Observatory since 1906, and their numbers provide a reliable indication of the polar magnetic field strengths. Figure 7 shows the numbers of polar faculae counted during the favorable intervals of each year (fall or spring) since 1906. These numbers have been assigned the polarities of the corresponding polar magnetic fields (since the invention of the magnetograph in 1952), or extrapolated smoothly through zero (in the premagnetograph years).
This figure suggests that the polar fields are weaker now than they have been in the last 100 years. Rapid changes in the early 1960s are probably due to alternating bands of flux carried poleward by meridional flow. Aside from these changes, this cycle of southern-hemisphere faculae was the second smallest in this 100-yr record. We have already seen in Figures 3 and 4 that the southernhemisphere activity was delayed by about one year in 1966. Is it a coincidence that the delayed onset of this activity and the delayed onset of cycle 24 were both preceded by unusually weak polar fields? This provides a motive for reexamining the white-light images during the extended minimum around 1913 to see how weak the polar fields may have been during that time.
Less Open Magnetic Flux
During the declining phase of the sunspot cycle, the eruption of flux creates and maintains low-latitude coronal holes with accompanying warps of the streamer belt. These coronal holes gradually die out at sunspot minimum, as the oldcycle eruptions stop and the relatively strong polar fields grab the dwindling remnants of open field lines at low latitude. During the present minimum, the old-cycle eruptions stopped early in 2008, but the low-latitude holes and the warped streamer belt persisted for at least another year. This peculiarity is due to the relatively weak polar magnetic fields (Wang et al. 2009 ), as one can see from the experiment performed in Figure 8 .
The left panels show the NSO photospheric field (top), the observed Fe XII 195Å emission (second from top), the photospheric distribution of open flux derived from a potential field extension of the observed field, and the corresponding derived field at 2.5R . The map of open flux shows colored areas at low latitude that correspond to dark coronal holes in the map of Fe XII 195Å emission. The right panels show the same maps with polar fields that are twice as strong (12 Gauss compared to 6 Gauss). This change caused the derived regions of open flux to disappear from low latitude and the neutral line of the coronal field to flatten toward the equator. The same experiment showed very little change nine rotations earlier when large active regions were still present at low latitude.
The survival of a low-latitude coronal hole depends on its field strength relative to the field strength of the polar hole of opposite polarity. Consequently, the low-latitude holes last longer when the polar fields are weak. Also, if the polar field strengths differ appreciably in the two hemispheres, then the longerlived low-latitude holes would have the polarity of the stronger polar field. This allows us to predict that the surviving low-latitude holes ought to have had negative polarity in 1966 when the weaker south polar field had positive polarity. Figure 9 compares the total open flux on the Sun, derived from potential field extrapolations of the observed photospheric magnetic field, with the total open flux, derived from in situ measurements of the radial component of the interplanetary magnetic field. These overlapping curves show similar behaviors with low values during each sunspot minimum, when nearly all of the flux originates in the polar coronal holes, and high values near and after sunspot maximum. These high values occur when flux erupts in longitudinal phase and increases the strength of the equatorial dipole. The individual peaks decay with a lifetime of about 1.5 years as meridional flow carries the flux to midlatitudes where it is sheared by differential rotation and dissipated by supergranular diffusion. As indicated by the arrow, the present amount of open flux on the Sun and in the heliosphere is the lowest since observations began in 1967. Figure 10 shows a longitudinally averaged map of photospheric magnetic field measurements obtained at the Mount Wilson Observatory (MWO) since 1967. From the first 13 years of these observations, Howard & Labonte (1981) identified 'episodic poleward surges' of flux extending from the sunspot belts to the poles of the Sun. They argued that these surges were evidence for a poleward meridional flow because supergranular diffusion by itself (Leighton 1964) would blur out the flux distribution and not show these concentrated streams. Now we know that diffusion and flow both contribute to the transport (Devore et al. 1984; Wang et al. 1989) and that both terms must be considered when interpreting the slopes of the surges (Wang et al. 2009 ). As described by Sheeley et al. (1989) , supergranular diffusion provides an effective flow that is proportional to the surface gradient of magnetic flux density. Thus, in Figure 10 , the initial slope of the surge marked by a dotted line is 12 m s −1 , but diffusion may contribute ∼30% of this value, depending on the magnitude of the flux gradients in the sunspot belts. At higher latitudes the gradients are smaller and the 8 m s −1 slope may more closely represent the true speed of meridional flow.
The Effects of Meridional Circulation
The flow speed can be inferred through its influence on the magnetic field distribution. At low latitudes, the competition between poleward flow and equatorward diffusion from the sunspot belts determines the amount of leadingpolarity flux that reaches the equator and is annihilated by its counterpart in the other hemisphere. Consequently, this competition also determines the amount of unbalanced trailing-polarity flux that remains in each hemisphere for reversing the polar field. At high latitudes, the competition between poleward flow from the sunspot belts and equatorward diffusion from the polar region determines the latitudinal shape of the polar field. The observed topknots of flux (Svalgaard et al. 1978) are consistent with a flow profile that decreases linearly or quadratically toward the poles (Devore et al. 1984; Sheeley et al. 1989) .
A new era of understanding occurred when Wang et al. (2002) found that a small variation of flow speed would be sufficient to regulate the polar-field reversal if the speed were correlated with the strength of the sunspot cycle. In a strong cycle, a faster flow would produce less unbalanced trailing-polarity flux and cause the polar fields to fluctuate until the unbalanced flux arrived there late in the cycle. In a weak cycle, a slower flow would compensate by producing more unbalanced trailing-polarity flux.
Recent simulations suggest that a small (∼15%) increase of flow speed may be responsible for the currently weakened polar and interplanetary fields (Schrijver & Liu 2008; Wang et al. 2009 ). On the other hand, the increased depth and length of this minimum probably result from changes in the subsurface return flow, as suggested by the reduced migration speed of the torsional oscillations prior to the start of cycle 24 (Howe et al. 2009 ).
It's your grandfather's solar minimum!
Having examined the present solar minimum and compared it with previous minima, we find differences which suggest that 'It's not your father's solar minimum' (to paraphrase the Oldsmobile advertisement). However, this minimum does contain similarities to older minima during the past 100 years or more. Perhaps it's your grandfather's solar minimum. sional oscillations and episodic poleward surges which I continue to appreciate. Financial support was provided by NASA and NRL. Same as previous figure, except extending back to 1745. Deep minima were common prior to the space age. The total open flux on the Sun derived from photospheric magnetograms (solid line) and derived from in situ measurements of the radial magnetic field (dashed line). For comparison, the sunspot number is plotted below (dashed-dot line). The current value (arrow) is the lowest since observations began in 1967. 
